One of the main causes of bacterial chromosome asymmetry is replication-associated mutational pressure. Different rates of nucleotide substitution accumulation on leading and lagging strands implicate qualitative and quantitative differences in the accumulation of mutations in protein coding sequences lying on different DNA strands. We show that the divergence rate of orthologs situated on leading strands is lower than the divergence rate of those situated on lagging strands. The ratio of the mutation accumulation rate for sequences lying on lagging strands to that of sequences lying on leading strands is rather stable and time-independent. The divergence rate of sequences which changed their positions, with respect to the direction of replication fork movement, is not stable-sequences which have recently changed their positions are the most prone to mutation accumulation. This effect may influence estimations of evolutionary distances between species and the topology of phylogenetic trees.
Introduction
The asymmetry of the DNA molecule is defined as a bias in nucleotide composition of complementary strands, or a deviation from Parity Rule type 2 which says that the
Chargaff rules, [A] ‫ס‬ [T] and [G] ‫ס‬ [C]
, should be fulfilled not only in the double-stranded DNA molecule, but also in each of the two complementary DNA strands (Sueoka 1995) . There are two groups of mechanisms that introduce asymmetry into the DNA molecule, one related to the mutational pressure of the replication and transcription mechanisms, and the second group resulting from selection (see for review: Francino and Ochman 1997; Mrazek and Karlin 1998; Frank and Lobry 1999; Karlin 1999) . The divergence of genes observed during phylogeny is a final effect of both groups of mechanisms.
Transcription-associated mutational pressure introduces asymmetry into coding sequences, which could differentiate sense and antisense strands, but this asymmetry is supposed to be independent of the position of a gene on the leading or lagging strand, unless there are differences resulting from different transcription rates (Francino et al. 1996; Ochman 1997, 1999) .
The effect of replication-associated mutational pressure on protein coding sequences is different. It is known that two different mechanisms are involved in replication of the two strands of the DNA molecule, one for the leading strand and the other for the lagging strand (Kornberg and Baker 1992) . Thus, it is obvious that different preferences in nucleotide substitutions, and a different frequency of substitutions for the two strands should be expected. Coding sequences themselves are asymmetrical because of their uneven codon composition, implicating preferences in using purines in the sense strand (e.g. Shepherd 1981 ; Karlin and Burge 1995; Cebrat et al. 1998; McLean et al. 1998 ). Thus, the positions of protein coding sequences on the leading or lagging strand can determine their susceptibility to mutations. For example, as Frank and Lobry (1999) concluded, if the sense strand is poorer in cytosine, which is the most prone to be substituted by thymine in the leading DNA strand, a gene whose sense strand lies on the leading strand will accumulate fewer such substitutions than a gene whose sense strand lies on the lagging strand (in such a case the antisense strand, rich in cytosine, lies on the leading strand). This not only raises the problem of a higher mutation rate, but also that of a higher rate of defective gene elimination, and/or a higher rate of evolution.
Note that asymmetry between leading and lagging strands does not indicate the absolute values of the mutation rate of the two strands. Measuring asymmetry, we only measure the differences in substitution rates between the two strands. That is why the frequency of substitutions on the two strands problem is still open. Many authors have found that error rates are higher on the lagging strand (e.g. Trinh and Sinden 1991; BasicZaninovic et al. 1992; Veaute and Fuchs 1993; Roberts et al. 1994; Iwaki et al. 1996; Thomas et al. 1996) . However, Fijałkowska et al. (1998) , measuring the mutation rate in the lactose operon incorporated into the Escherichia coli chromosome in two opposite directions, have found that mutation rate in the gene inserted in the direction of the leading strand is higher.
As a consequence of asymmetrical processes, compositional bias of DNA strands has been observed in bacterial chromosomes (e.g. Lobry 1996; Freeman et al. 1998; Grigoriev 1998; McLean et al. 1998) . It was found that the asymmetry in nucleotide composition changes its sign at the origin and terminus of replication, where DNA strands change their role from leading to lagging and vice versa. The asymmetry is so strong that it is observed even on the level of codons and amino acid composition of proteins (McInerney 1998; Lafay et al. 1999; Mackiewicz et al. 1999a; Rocha et al. 1999) .
There are two specific properties of DNA asymmetry which seem to be universal, at least for all eubacterial genomes: the sense strands of protein coding sequences are richer in purines, and the leading strand is richer in guanine.
These properties imply that the substitution rate should be influenced by whether the sense strand of protein coding genes is located on the leading or lagging strand. These properties also imply that the differences in the mutation accumulation rate should be consistent for different genomes. So, it should be expected that some sequences may evolve faster than others, which has been suggested by Radman (1998) . Furthermore, since the leading and lagging strands are exposed to different mutational pressures, the inversion of a gene fitted to its position from one strand to the other should lead to a very fast accumulation of mutations in the very first period after inversion, which has been recently suggested by Tillier and Collins (2000) . It has been found that mutational patterns vary across mammalian chromosomes and different chromosomal regions evolve at different rates (e.g. Filipski 1988; Wolfe et al. 1989; Boulikas 1992; Eyre-Walker 1992; Holmquist and Filipski 1994; Matassi et al. 1999) . Variations in mutation rates across chromosomes correlate with replication timing and could be related to the different efficiency of DNA repair mechanisms. In enterobacterial genomes it was observed that genes located near the origin of replication diverged more slowly than genes located in other parts of chromosome (Sharp et al. 1989; . Furthermore, the evolutionary rate is smaller for highly expressed genes (Sharp and Li 1987a) . In mitochondrial genomes it has been found that mutation rate of their genes differs between regions (Reyes et al. 1998; Koulianos and Crozier 1999) .
In this paper we have checked the difference between the divergence rate of genes lying on the leading strand, genes lying on the lagging strand, and genes which changed their positions on the chromosome during phylogeny.
Materials and Methods
Amino acid sequences of orthologs of completely sequenced genomes were extracted from Clusters of Orthologous Groups (COGs), downloaded from ftp://www.ncbi.nlm.nih.gov/pub/COG January 20 th , 2000. COGs contain proteins which are supposed to have evolved from one ancestral protein (Koonin et al. 1998; Tatusov et al. 2000) . Orthologs are sequences from different species evolved by vertical descent and are usually responsible for the same function in different organisms (Fitch 1970) .
In the construction of COGs the authors have used the best-hit rule, but not an arbitrarily chosen statistical cut-off value. This approach accommodates both slow-and fast-evolving proteins and makes COGs useful for evolution analyses.
The amino acid sequences of each of 2103 COGs were aligned by the CLUSTAL W 1.8 v. program (Thompson et al. 1994) . To estimate evolutionary distances, the pairwise distances between sequences in each COG were calculated with the CLUSTAL W 1.8 v. program, using Kimura correction for multiple substitutions (Kimura 1983) , with improvements for very diverged sequences made by the authors of CLUSTAL W 1.8 v., and also with the program PROTDIST, from the PHYLIP 3.5c package (Felsenstein 1993 ), using a model based on the Dayhoff PAM substitution matrix (Dayhoff et al. 1978) .
Analyses have been performed with 12 645 orthologs derived from 11 eubacterial genomes showing evident compositional asymmetry between leading and lagging strands. For each pair of organisms, orthologs were classified into three groups according to their strand location: sequences lying on leading strands (in both compared genomes), sequences lying on lagging strands, and sequences which changed their position. The mean value of the evolutionary distances was calculated for each group. Nonparametric analysis by MannWhitney U, Kolmogorov-Smirnov and ANOVA Kruskal-Wallis tests (Sokal and Rohlf 1995) were carried out to assess statistical significance between these groups.
The neighbor-joining method was used to construct trees for the three groups of orthologs (with the program NEIGHBOR from the PHYLLIP package).
Boundaries between the leading and lagging strands (position of origin and terminus of replication) and decisions concerning the loca-tion of genes on one of these strands were set on the basis of experimental results (indicated in data bases listed below), or on the basis of DNA walk results that described the nucleotide compositional bias of DNA strands (Mackiewicz et al., 1999a , see also: http://smorfland. microb.uni.wroc.pl).
Prokaryotic genomic sequences were downloaded from ftp:// www.ncbi.nlm.nih.gov: Borrelia burgdorferi (Fraser et al. 1997) , Bacillus subtilis (Kunst et al. 1997) , Chlamydia trachomatis (Stephens et al. 1998) , Chlamydia pneumoniae (Kalman et al. 1999) , Escherichia coli (Blattner et al. 1997) , Haemophilus influenzae (Fleischmann et al. 1995) , Helicobacter pylori 26695 (Tomb et al. 1997) , Helicobacter pylori J99 (Alm et al. 1999) , Mycobacterium tuberculosis (Cole et al. 1998) , Rickettsia prowazekii (Andersson et al. 1998) , Treponema pallidum (Fraser et al. 1998) .
Results
For each pair of genomes, the mean value of evolutionary distances for protein sequences, based on the Dayhoff PAM matrix model (Dayhoff et al. 1978) , was calculated separately for leading strand orthologs (Table 1, upper right triangle), and lagging strand orthologs (Table  1 , lower left triangle). The values are the mean number of amino acid substitutions between two genomes, per site. Value pairs which are statistically different (P < 0.05) for the two strands are in bold.
In almost all cases, distances between genomes measured by divergence of orthologs from the lagging strand are larger than distances counted on the basis of the leading strand orthologs. Almost all the differences between these distances (measured for orthologs from leading and lagging strand) are statistically significant. In some cases, distances for the leading strand orthologs are greater than distances for the lagging strand orthologs. Nevertheless, in all such cases the differences are very small or are not statistically significant.
The distance matrix measured for orthologs which changed their location from the leading to lagging strand or vice versa within a pair of genomes has been shown in Table 2 (upper right triangle). For closely related pairs of genomes (especially Chlamydia species, Helicobacter Distance matrix measured for orthologs which changed their location from the leading to lagging strand within a pair of genomes (upper right triangle) and significance level between three groups of orthologs (lying on the leading strand, lying on the lagging strand and the ones which changed strand) analysed by the AVOVA Kruskal-Wallis test (lower left triangle). Abbreviations are as in Table 1 . pylori strains and the spirochaete bacteria, B. burgdorferi, and T. pallidum), these distances are larger than distances measured for lagging and leading strand orthologs. For more distant pairs of genomes, the distances measured for orthologs which changed their locations decrease relatively and stay between values for orthologs from the leading and lagging strands. This relation between the mutation accumulation rate and the location of Table 1. orthologs is seen in Fig. 1a . In Fig. 1b the data have been arranged in separate ortholog group rankings. In this figure it is clear that the dynamics of mutation accumulation for orthologs which have changed their positions is different than for two other groups of orthologs. While the ratio of the distance measured for groups of genes lying on the lagging strand to that for the genes on the leading strand is stable (correlation coefficient ‫ס‬ 0.78), the ratio of the distances measured for genes which changed their position, to distances measured for the other groups changes in evolutionary time. It is also seen when one genome is compared with the rest of the analysed genomes (Fig. 2) . In almost all cases, the three groups of analysed orthologs create sets which significantly differ, statistically, in the rate of evolution when analysed by the AVOVA Kruskal-Wallis test (Table 2 , lower left triangle).
To show the influence of different gene evolution rates on the topology of the phylogenetic tree, we have constructed such trees for eight genomes, based on genes located on the leading strand, the lagging strand, and on genes which switched their strand (Fig. 3) . Note that only orthologs from the leading strand can be used to construct a proper phylogenetic tree. In this case it is possible to find groups of orthologs representing all genomes used for analysis. We have not found such groups of orthologs on the lagging strand and representing all genomes. It is obvious that genes which switched their positions could be used during the construction of such a tree only in pairs of genomes. That is why we prepared all three trees based on all the orthologs found in proper relations, with respect to the strand in each pair of compared genomes. As it can be seen, the topology of the trees for orthologs from leading and lagging strands is not very different, besides the longer distances for the lagging strands. Nevertheless, in the tree based on orthologs which switched their strand, not only were absolute distances changed, but also the topology of the tree, especially for closely related genomes. Thus, it seems important to consider the position of genes when they are chosen for estimating the phylogenetic relations between organisms.
Discussion
We have found that the values of divergence in the group of leading strand orthologs is significantly lower, statistically, than that of lagging orthologs. There are two possible explanations of this phenomenon: the absolute mutation level in genes, whose transcription direction is in agreement with the direction of the movement of replication fork, is lower, or the selective constraints on gene sequences lying in this direction are higher.
If we assume that the second explanation is correct, it means that genes lying on the leading strand are more conservative. Nevertheless, it seems plausible to accept the hypothesis that both mechanisms are important in establishing the final level of accumulated mutations. Thus, one should accept that selection also plays a crucial role in establishing the mutation rate of more conservative genes, on a lower level, by leaving them on the leading strand, while genes which should evolve faster are located on the lagging strand. Sharp and Li (1987a) found that highly expressed genes have smaller evolutionary rates. That seems to be true, since an overwhelming part of genes coding for ribosomal proteins are located on the leading strand in every genome thus far sequenced (e.g. McLean et al. 1998) . Their operons and several others are found to be well conserved during evolution across genomes (Kunst et al. 1997; Watanabe et al. 1997; Itoh et al. 1999) . Location of genes with higher expressivity on the strand where the mutational pressure is lower seems to be in agreement with the implication of the second law of thermodynamics: More frequent reading of the information from the source introduces more noise to this source. If the genes with high expressivity were not located at a position with lower mutation rate, they would have to accumulate mutations with higher rate than observed. On the other hand, it is reasonable to assume that genes fit to the strand they are located on. "Fit" means that their nucleotide compositions and their own asymmetry guarantee a lower mutation rate in the position they are in. The time-dependent divergence rate of genes which have changed their location confirms this hypothesis. The average divergence in this group of orthologs is higher than for the lagging strand in closely related genomes, which means that gene inversion immediately causes a higher mutation rate and, if the gene survives it becomes "better fitted" to the new location. For example, if the gene is located in such a way that its strand richer in cytosine is located on the strand where cytosine preferentially undergoes transition to thymine, after the elimination of some cytosine resi- Table 1. dues (if it is not lethal) the overall mutation rate would diminish with time. We have observed such susceptibility of genes translocated with inversion to mutations in computer simulations (results not shown). This phenomenon also explains the results of Fijałkowska et al. (1998) , who found that the gene lacZ of lactose operon cumulates more mutations if it is on the leading strand which, at first, seems to disagree with our results. But the usual location of lactose operon in the E. coli genome is on the lagging strand. Thus, the effect observed by these authors is an effect of inversion, not the effect of a higher mutation rate on the leading strand. The effect of a higher mutation rate in inverted sequences diminishes very fast with time measured in evolutionary scale (Fig. 1b) . Nevertheless, under laboratory conditions the effect should be very strong since only the very first replication cycles are observed when the translocated sequence is in strong disequilibrium and is very prone to substitutions.
The PAM matrices (Dayhoff et al. 1978 ) used for distance estimations have built-in selection parameters. One can argue that the observed differences result from using different weights for amino acid substitutions for different sets of proteins and, in fact, selection is the main force positioning specific genes on specific strands. That is why we have repeated our calculations of divergence using the Kimura algorithm (Kimura 1983) , assuming the neutrality of substitutions. Both methods give qualitatively the same results: The correlation coefficient between distances counted on the base of PAM matrix and Kimura algorithm was 0.97, though the Kimura algorithm gave slightly lower values of divergence.
The general conclusion that the divergence rate is higher for the lagging strand is further supported by the fact that the fraction of proteins in COGs coded by genes lying on lagging strands of genomes is underrepresented. The ratio between the number of leading strand genes to the number of lagging strand genes is higher in the genome data bases than in COGs. The difference is statistically significant. It could happen if some orthologs are not recognised as homologues because the divergence is too high. If the lagging strand genes are underrepresented it is because they have been preferentially omitted during the construction of COGs.
There is still an unsolved problem: What is the main cause of the observed asymmetrical evolution rates of the leading and lagging strands? Is it replication-associated mutational pressure, or the selection leaving conservative genes on the leading strand? Recent studies of Mackiewicz et al. (1999a) have allowed the recognition of the effect of replication-associated mutational pressure from other effects introducing asymmetry into DNA, connected with transcription and other coding functions. Analysing the pure effect of replication they found that the specific asymmetry introduced by replicationassociated mutational pressure into intergenic sequences could be also recognised in each position of codons, though of different magnitude. It means that genes lying on a given strand show some trends in nucleotide composition consistent with the trend introduced by substitutions associated with replication, even in the most conservative second positions in codons. Lafay et al. (1999) have found that some orthologs which have changed their positions in the T. pallidum and B. burgdorferi genomes have accumulated mutations which have assimilated them to the new positions, and now show codon and amino acid compositions typical of their current lo- Table 1. cation. In fact, protein coding genes in the B. burgdorferi genome form two distinct, nonoverlapping sets which show the distinct effect characteristic for replicationassociated mutational pressure of each of the two DNA strands (McInerney 1998; Lafay et al. 1999; Mackiewicz et al. 1999b) .
The translation efficiency can be influenced by the codon usage (i.e. Ikemura 1981; Gouy and Gautier 1982; Sharp and Li 1987b; Andersson and Kurland 1990; Kanaya et al. 1999) , amino acid composition (Lobry and Gautier 1994) and base composition of the first positions of codons (Gutierrez et al. 1996; Pan et al. 1998) . Since the replication-associated mutation pressure differentially affects the aforementioned properties of protein coding sequences according to strand location, the translocation of a gene between strands may change its translational efficiency. Nevertheless, the conclusive results would be supplied by the analyses of iso-acceptor t-RNA abundance in the cell, and its influence on the translation rate of genes which accumulated mutations after the inversion.
One could argue that it is transcription-associated mutational pressure which is mainly responsible for the introduction of substitutions into coding sequences (Francino et al. 1996; Ochman 1997, 1999) . If it is true, there should be no characteristic timedependent changes in the ratio of observed substitutions after translocation with inversion. Even if we assume that some other mechanisms like lateral transfer or reticulate evolution influence the rate of mutation accumulation, we should accept the hypothesis that these mechanisms affect the two DNA strands asymmetrically. We do not see any premises which would allow us to accept such a solution.
In conclusion, we state that the level of mutations introduced during replication is higher for the lagging strand. This leads to the higher level of accumulation of mutations by lagging strand genes and to the asymmetry specific for that introduced by replication-associated mutations. As a result, the selection tends to fix the genes which should be more conservative on the leading strand, enforcing the effect of an asymmetrical gene evolution rate. Both effects are seen even in the asymmetrical amino acid composition of proteins coded by leading and lagging strands. Transposition of an inverted gene (with respect to the leading/lagging strand) has an immediate, strong mutagenic effect. If the gene survives, it can be fixed at the new position, and will eventually change its nucleotide composition to better fit the mutational pressure of the new position. The different mutational pressure of two DNA strands has another evolutionary consequence: It groups genes for slower and faster evolution which may play a big role in adaptation, and may contribute to higher fitness in the fast changing environment.
Note Added in Proof
Recently E.R.M. for Chlamydia genes which switched their positions between the leading and the lagging DNA strands.
